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There is tremendous potential for shale oil reservoirs, such as the Bakken Formation, 
Eagle Ford and Niobrara to have a lasting impact on the U.S energy situation due to the 
multi-billion barrel resource base that these formations contain. Horizontal drilling and multi-
stage hydraulic fracturing technologies have allowed significant oil to be produced in the Elm 
Coulee Field in Bakken Formation; however, the primary recovery factors are still less than 
10%, which means enhanced oil recovery (EOR) methods need to become the next big push 
in shale oil research. Miscible gas injection may become the most effective EOR method in 
such low permeability fields, because conventional water flooding may result in extremely 
low injectivity. This work expands on the previous research that showed miscible gas 
injection may be a possible solution for the Elm Coulee Field. All the wells in that study have 
longitudinal hydraulic fractures; whereas today, most wells have the multi-transverse 
fractures. The significance of this research is to evaluate the reservoir performance of the 
miscible gas flooding with different hydraulic fracture orientations; longitudinal hydraulic 
fracture orientation and transverse hydraulic fracture orientation, and recommends the best 
hydraulic fracture orientation.  
In the thesis, separate numerical simulation models with multi-transverse hydraulic 
fractures and longitudinal hydraulic fractures have been built and the results are compared in 
the flow simulator Eclipse. Miscible gas injection can increase the recovery factor (RF) from 
less than 10% in the primary production to above 25% for both types of hydraulic fracture 
orientation. Two different gridding methods were used in this work. In the uniform gridding 
method, the transverse fracture case always performs better than the longitudinal fracture in 
both the primary and secondary production. However, in the local grid refinement (LGR) 
gridding method, the longitudinal fracture leads to a higher RF than the transverse fracture in 
miscible gas injection due to its late breakthrough time and similar ―piston displacement‖. 
iv 
Also, the utilization factor, which is the ratio of the total injected solvent over the total oil 
produced, indicates that the longitudinal fracture is more effective than the transverse fracture 
case.  
Four different permeability values for the upper Bakken, ranging from 2.5 10-1 md to 
2.5 10-4 md, have been chosen to compare, and the results indicate that the degree of the 
upper Bakken permeability impact decreases at lower permeability values. Also, several 
Middle Dolomite permeability cases are built and the comparison shows that if the 
permeability values increase from 0.01 md to 0.02 md, the RF increases more than 5%. From 
the hydraulic facture permeability sensitivity analysis, 100 md is considered as the boundary 
of the finite fracture and infinite fracture for this field. If the hydraulic fracture permeability 
value is less than 100 md, the RF and oil production increase significantly as the permeability 
increases. However, if the permeability is more than 100 md, the reservoir performance will 
not increase largely as the permeability increases. The bottom hole pressure (BHP) shows 
that if the BHP increases from 3500 psi to 4700 psi, the RF decreases from 8% to less than 3% 
for the primary production, and for miscible gas injection, the RF decreases from 28% to 
19%. The results of all the flow simulation models are discussed and analyzed in Chapter 4 
and Chapter 5.  
This work, which simulates the miscible gas injection procedure by using the flow 
simulator Eclipse, forms the foundation to begin understanding how to best perform the 
miscible gas injection EOR and optimize the best hydraulic fracture orientation in the Elm 
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CHAPTER 1  
INTRODUCTION 
 This research focuses on the Elm Coulee Field which is located in Richland County, 
Montana. The first horizontal well was drilled and completed in 2000 in this area, and since 
then the petroleum industry has focused attention on this so called ―Sleeping Giant‖ play. 
Currently, more than 700 wells have been drilled and developed in the Elm Coulee Field, and  
it is estimated that the cumulative oil production is more than 125 MMBBLS by the end of 
2012 (Oil and Gas Conservation Division, 2012). Due to the extremely low matrix and 
natural fracture permeability in this area, hydraulic fractures with horizontal well 
technologies have been largely applied and improve the reservoir performance significantly. 
There are more than 10 operators who are currently drilling wells and producing oil from the 
Elm Coulee Filed. Some of the operators have built different configurations for the multi-
transverse fractures horizontal wells in order to maximize the contact with the reservoir. 
While other operators at the beginning of the development, utilized single longitudinal 
hydraulic fracture, which is along the wellbore, to maximize the effective stimulate length. 
There was a debate on which type of hydraulic fracture orientation is more effective with the 
combination of horizontal well and stimulation technologies. In primary production, 
transverse fracture performs better than the longitudinal fracture (Shoaib and Hoffman, 2009). 
But for miscible gas injection, which type of hydraulic fracture orientation that is more 
suitable is unknown since the Elm Coulee Field is still under the primary production stage.  
In this research, a couple of simulation cases for the two types of the hydraulic fractures have 
been built to predict the reservoir performance and optimize the best hydraulic fracture 
orientation for both the primary production and miscible gas injection.  
 
2 
1.1 Objectives and Purposes 
  The mainly objectives and purposes of this research are included as following: 
 Understand the geological background and current development situation of the Bakken 
Formation and the Elm Coulee Field.  
 Understand the mechanism of the miscible gas injection EOR method with the horizontal 
well drilling and hydraulic fracturing technologies.  
 Compare the reservoir performance of the longitudinal hydraulic fracture orientation and 
the multi-transverse hydraulic fracture orientation.  
 Compare the two types of simulation gridding methods: uniform gridding and local grid 
refinement (LGR) gridding. The LGR gridding method is used to create the small and 
reasonable hydraulic fracture width.  The uniform gridding method is used to represent 
the stimulated reservoir volume (SRV).  
 Evaluate the feasibility and impact of the miscible gas injection EOR in the Elm Coulee 
Field. Both the primary and secondary production models are built and compared to find 
out how much influence the EOR method can bring to this field.  
 Evaluate the sensitivity of the hydraulic fracture permeability for the two types of 
hydraulic fracture orientations.  
 Determine how the system permeability variation for both the upper Bakken shale and 
the Middle Bakken member impact the oil production rates, respectively.  
1.2 Organization of the Thesis 
 Six parts are included in this thesis.  
 Chapter 1 briefly introduces the objectives of this research and the organization of this 
thesis.  
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 Chapter 2 discusses the geological background of both the Bakken Formation and the 
Elm Coulee Field, and introduces the history and current development of the Elm Coulee 
Field. The definitions of the two types of the hydraulic fracture orientations and the 
mechanism of the miscible gas injection EOR are also introduced in this part.  
 Chapter 3 talks about the whole research design outline and the modeling background, 
including black oil model and solvent model. The reservoir property and rock property for 
both types of models are discussed. Also, the definitions of the uniform gridding and LGR 
gridding model methods are introduced.  
 Chapter 4 shows the result of all cases. The uniform gridding and LGR gridding 
models will be compared; the primary production and miscible gas injection results will be 
compared; the longitudinal fracture and the transverse fracture orientations will be compared. 
This is the main part of this research.  
 Chapter 5 contains four different sensitivity analyses: the system permeability 
sensitivity of both the upper Bakken shale and Middle Dolomite members, the hydraulic 
fracture permeability sensitivity and the BHP sensitivity for the production well. Also, the 
dual porosity and dual permeability models will be introduced and compared with the single 
permeability model. 
 Chapter 6 talks about the conclusions based on the results and analysis from Chapter 4 
and Chapter 5. Also, several recommendations for the future research in the Elm Coulee Field 





CHAPTER 2  
LITERATURE REVIEW 
 The Bakken Formation has become one of the biggest unconventional reservoirs, 
which could be a great potential source for the U.S energy market. According to the U.S 
Geological Survey in 2008, the technical recoverable resource is estimated as 3.65 billion bbl 
of oil, 1.85 tcf of dissolved natural gas and 148 million bbl of natural gas liquids for the 
Bakken Formation. More and more operators have invested and focused on the exploration 
and production of this unconventional play. Three different members are found in this 
formation: upper shale, middle dolomitic siltstone and lower shale. The petroleum geology of 
the Bakken Formation and the Elm Coulee Field will be introduced in detail in this chapter. 
Also, the miscible gas injection EOR method is discussed since the primary recovery factor is 
expected to be less than 10%.  
2.1 Introduction of the Bakken Formation 
 The Williston Basin covers parts of North Dakota, Montana, South Dakota, 
Saskatchewan, and Manitoba. The structure of Williston Basin is semicircular in shape and 
mainly includes the Nesson, Billings, and Cedar Creek anticlines (Figure 2.1). The 
hydrocarbon in Williston Basin was first discovered in the Nesson anticline in the 1950s 
(Sonnenberg and Pramudito, 2009). The Bakken petroleum system of Williston Basin, 
including the Bakken Formation,  Lower Lodgepole Formation and upper Three Forks 
Formation (Figure 2.2), has extremely low-porosity, low-permeability and a large 
accumulation of hydrocarbon resource. It is estimated that the hydrocarbon generated from 
this petroleum system is expected to be over 151 billion bbl of oil (Oil Shale Gas, 2010). 
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Figure 2.1 Location Map of Williston Basin (modified from Webster, 1984).  
 
Figure 2.2 Bakken Petroleum System (modified from Webster, 1984).  
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2.1.1 Geological Overview of the Bakken Formation 
 The Bakken Formation is an oil-bearing stratum stretching across 200,000 square 
miles of the Williston Basin and covers parts of Montana and North Dakota in the US, and 
Manitoba and Saskatchewan in Canada (Figure 2.1). The Bakken Formation overlies the 
Three Forks Formation and underlies the Lodgepole Formation (Figure 2.2). In shallow parts 
of the basin, especially along the basin flanks, the contact between the Bakken and Three 
Forks Formation is unconformable. However, the Lodgepole Formation is always 
conformably on top of the Bakken Formation. The Three Forks Formation contains shale, 
sandstone and siltstone and has a maximum thickness of 250 feet. And the Lodgepole 
Formation consists of limestone and calcareous shale and has a maximum thickness of 900 
feet (Sonnenberg and Pramudito, 2009).  
 Deposited during periods of Upper Devonian and Lower Mississippian, the Bakken 
Formation is composed of three distinct intervals: upper shale, middle dolomite and lower 
shale. These three intervals become thinner and gradually converge to the margin of the 
Williston Basin (Figure 2.3). The total thickness of the Bakken layers ranges from 10 to 50 ft. 
The thickness of the upper shale is between 6 to 10 ft, and the thickness of the middle 
member ranges from 10 to 40 ft. The lower member ranges from 2 to 6 ft (Sonnenberg and 
Pramudito, 2009). The upper and lower shale members were deposited in a stratified 
hydrologic regime during the time of sea-level rise and are lithologically similar throughout 
much of the field. The middle dolomite was deposited in a coastal regime and is composed of 
fine-grained matrix rocks which contain quartz and rock fragments (Shoaib and Hoffman, 
2009).  
The total organic carbon (TOC) content in upper and lower shale members is between 12 
to 36 percent by weight. During oil maturation, the increased volume causes the internal fluid 
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pressure increasing. Due to the extremely low permeability of the neighbor formations, oil 
cannot migrate out fast enough, which leads to natural fractures in this shale layers. For the 
middle member, the TOC content is just about 1 to 3 percent by weight (Pitman et al., 1999). 
But in the Bakken Formation, the middle member is mostly targeted and contains most of the 
producible oil and gas. This is because the upper and lower shale members act as sealing rock, 
and the lower permeability of Three Forks formation and Lodgepole formation encloses the 
Bakken fluid system. Therefore, the current focus of oil and gas production in the Bakken is 




Figure 2.3 Cross Section across the Williston Basin (modified from Meissner, 1978). 
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According to the United States Geological Survey (USGS) study, the average core 
porosity in the sandstone and siltstone in the middle member of the Bakken Formation in 
North Dakota is about 5 percent. In the lower part of the middle layer, much lower porosity is 
formed due to the mechanical and chemical compaction. While in the upper part of the 
middle zone, higher porosity is measured because of the less advanced diagnosis and an 
influx of oil. 
In the middle layer of the Bakken Formation, the average measured permeability is about 
0.04 md. The permeability for the middle layer close to a thermally immature shale region is 
between 0.01 and 0.06 md (Alcoser et al., 2012). While for layers close to thermally mature 
shale, the permeability is less than 0.01 md. In the Bakken Formation, reservoir rocks with 
higher permeability in the middle layer are due to the well-developed natural fractures 
(Alcoser et al., 2012). 
2.1.2 Exploration History  
       Table 2.1 shows the stages of the development and exploration of the Bakken 
Formation since the 1950s. The Antelope field of North Dakota was discovered in 1953 and 
produced until the 1960s, which was the very first production stage in the Bakken Formation. 
During that time, sixty-three vertical wells were drilled and targeted the Upper Three Forks 
and Bakken Formation after the hydraulic fracturing stimulation treatment. The cumulative 
oil production reaches to 19.4 million bbl of oil and 32.7 bcf gas. The next significant 
discovery occurred in Billings Nose area (Figure 2.1) and was caused by the Elkhorn Ranch 
well drilled by Shell in 1961, which indicated that the upper Bakken shale may have a large 
reserve. Due to the lower oil price at that time and the remoteness of this field, no more wells 
have been drilled until 1976 and the Elkhorn Ranch field is known as the Bakken Fairway 
area. In 1987, the first horizontal, 33-11 MOI well, was drilled in the Bakken Fairway area 
and had a significant oil production for two years, which stimulated more operators paying 
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much attention on this field. Up to 1990s, 20 more operators have entered this play. However, 
due to the sharp oil price decline and the limit of technology development in 1990s, this 
production stage finally came to an end.  From 2000 to now, the petroleum industry has 
focused on the development and exploration of the Bakken Formation again along with the 
discovery of the Elm Coulee Field (Sonnenberg and Pramudito, 2009).  
Table 2.1 Bakken Formation Exploration History (Sonnenberg and Pramudito, 2009) 
  
2.2 Introduction of the Elm Coulee Field 
       One of the most potential discoveries in the Bakken Formation is the Elm Coulee 
Field. Since discovered in 2000, more than 700 wells have been drilled in this area up to now 
(Oil and Gas Conservation Division, 2012). The estimated ultimate recovery (EUR) is more 
than 200 million bbl of oil (Sonnenberg and Pramudito, 2009).  
2.2.1 Geological Overview of the Elm Coulee Field 
 The Elm Coulee Field is located in Richland County, Montana (Figure 2.1) and was 
one of the first ultra-tight oil fields developed with the use of long horizontal wells and 
multistage hydraulic fracturing.  The area of the Elm Coulee Field is about 530 square miles, 
and the main production area is from northwest to southwest. In the Elm Coulee Field, no or 
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very thin lower Bakken shale layer is observed from the logs, and the high gamma ray in the 
lower Bakken is related to the high organic content and dolomitic mudstone lithology (Figure 
2.4). Therefore, the Bakken Formation in the Elm Coulee Field can be divided into two 
members: 1) upper shale, 2) middle silty dolomite and siltstone (Pramudito, 2008). The total 
thickness of this field is between 10 ft to 40 ft. The thickness of the upper shale and middle 
dolomite range from 6 to 10 ft and 10 to 40 ft, respectively (Sonnenberg and Pramudito, 
2009).  
 
Figure 2.4 Three Members of Bakken Formation (Well Logs from Balcron 44-24 Varia Well 
in Richland County, Montana) (Sonnenberg and Pramudito, 2009).  
The middle dolomite which is found at depths between 8500 ft to 10,500 ft is the 
main production zone for the hydrocarbon, and the organic rich upper shale Bakken is the 
source rocks of the middle layer. The porosity for the middle member ranges from 3 to 9%, 
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and the average permeability is about 0.04 md (Sonnenberg and Pramudito, 2009). A sharp 
contact is shown between the middle member and upper shale, and the upper layer is 
continuous on top of the middle dolomite (Pramudito, 2008).  
The three cross sections in Figures 2.5 and 2.6 show the correlation among the three 




show that the Middle Bakken member pinches out 
from the north to the south. While CC
’
 shows there is a continuity of the thickness throughout 
the Elm Coulee Field from the northwest to southeast. Figure 2.5 also shows that the north 
side of this field has the thickest area which may be relevant to the extra space caused by 
tectonic (Sonnenberg and Pramudito, 2009).  
 










(Sonnenberg and Pramudito, 2009)
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2.2.2 Exploration and Development History  
In 1996, Kelly/Prospector 2-33 Albin FLB was drilled in the Richland County, and the 
water-sand fracture treatment which contained 80,360 gal of water and 151,800 lb of sand has 
been injected into this well due to the extremely lower permeability and porosity. The oil 
production rate reaches to about 157 BOPD for the first 20 days and continues to produce at 
about 80 BOPD after 3 months from the middle member in 1996. This optimistic production 
result indicates a large potential field in this area and makes the petroleum industry focus on 
the Bakken Formation again. Several re-entries or recompletions were done in the late 1990s. 
And in 2000, the first horizontal-well with stimulation technology targeted the middle 
member and resulted in the discovery the Elm Coulee Field. The initial production rate 
ranges from 200 to 1200 BOPD. It is estimated that the EUR in the Elm Coulee Field is 
above 200 million bbl of oil. Up to 2012, the cumulative production of oil and gas from this 
area reach to about 125 million bbl and 107 bcf, respectively (Department of Natural 
Resources and Conservation of Montana, 2012). The discovery of the Elm Coulee Field 
stimulates the operators to target the middle member instead of the upper shale member, and 
this leads to some significant new discovery, such as the Parshall field in North Dakota. 
These new unconventional plays have promoted the development of the Bakken Formation 
which is gradually becoming one of the most significant exploration plays in the U.S 
(Sonnenberg and Pramudito, 2009). 
2.3 Theory of Reservoir Fracturing in Bakken Formation  
Hydraulic fracture technologies have been largely applied in the extremely ―tight‖ 
reservoirs, such as Bakken Formation, since first introduced by Stanolind Oil in 1949 
(Montgomery and Smith, 2010).  It is estimated that more than 9 billion bbls of oil and 700 
tscf of gas have been accelerated by the hydraulic fracture technology in the U.S since then 
(Montgomery and Smith, 2010). Also, according to the report from International Energy 
14 
Agency (IEA) in 2010, this stimulation technology has been used for almost 60% of the new 
oil and gas wells worldwide to increase the production.  
2.3.1 Mechanism of Hydraulic Fracturing  
During the process of the hydraulic fracturing, millions of gallons of water, sand and  
chemicals are injected into the formation to create a large volume of fractured rock with 
increased permeability. The pumped sand particles can keep the formation open so that the 
oil and natural gas can flow from the reservoir to the wellbore. The fractured rock volume is 
caused by the stress perturbations and pore pressure with the stimulation underground, which 
is the mechanism of the hydraulic fracture technology. It is believed that both the shear and 
tensile failure happen in the shale reservoirs fracturing and generate a complex hydraulic 
fracture system (Ghassemi, 2011). 
 
Figure 2.7 Tensile Failure and Shear Failure (Van Der Pluijm and Marshak, 2010). 
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Figure 2.7 A represents the shear failure, which is referred as faults, and Figure 2.7 B 
shows the tensile failure which is referred to as joints. Figure 2.8 shows the result of the shear 
fracture and tensile fracture, in other words, faults and joints in a rock sample. Many failure 
criterions are used to analyze the rock failure, such as Griffith Criterion, Coulomb Criterion 
and Von Mises Criterion, but the Mohr-Coulomb is the most widely used (Ghassemi, 2011). 
The Mohr‘s circle and failure envelope can be used to map the rock failure under stress and 
analyze the impact of the pore pressure on the reservoir fracturing. The Mohr‘s circle and 
failure envelope are built by a series of experiments where varied stress is applied on sample 
rocks to create fractures.  The specific steps to build the Mohr‘s Circle and failure envelope 
can be referred to Earth Structure textbook by Van Der Pluijm and Marshak (2004).  
 
Figure 2.8 Mechanism of Hydraulic Fracturing (Eby, 2010) 
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Figure 2.9 A shows that the Mohr‘s Circle is characterized by the minimum and 
maximum principle stress. According to Meissner (1978), "The shape and dimensions of the 
failure envelope characterize certain physical properties of the rock, such as tensile 
strength,…shear strength,…and the degree of brittle-elasticity of the material,…‖. If the 
stress circle is inside the boundary of the failure envelope, the rock is in the stable zone and 
in a non-fracture condition. However if the stress field circle is tangent to any failure 
envelope, rocks will be in an unstable condition and fractured (Figure 2.9B). Also, the tensile 
failure zone and the shear failure zone are on the left-side and right-side of the coordinate 
system, respectively (Figure 2.9B).   
However, the stress which will cause the rock failure is called the ―Effective Stress‖ 
instead of the ―Total Stress‖, and the equation 2.1 shows the relationship between the ―Total 
Stress‖ and ―Effective Stress‖ (Hubert and Rubey, 1959).  
     ……………………………………………………………………………………2.1 
 : Effective Stress, psi 
 : Total Stress, psi 
p: Pore Pressure of Filling Fluid, psi 
 The pore pressure represents any fluid pressure existing within the pores of the rock. 
Equation 2.1 and Figure 2.10 indicate that the effective stress which results in the rock failure 
is strongly influenced by the pore fluid pressure. In hydraulic fracturing, the significant 
volume of the injected water will largely increase the pore pressure and alter the stress 
distribution. The existence of the pore pressure will shift the stress circle towards the failure 
envelope, which may either result in the shear failure or the tensile failure (Figure 2.10 A). 
According to the geometric relationship between the failure envelope and stress field 
coordinate system in Figure 2.10 B, if the pore pressure is small, the shifting of stress circles 
will be tangent with the envelope on the right-side and causes the shear failure, in other 
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words, the faults. If the pore pressure is large, the shifting of stress circles will mainly tangent 
with the envelope on the left-side and leads to the tensile failure, in other words, the joints 
(Figure 2.10 B). Both of the rock failure will be in the form of the open fracture system and 
finally lead to the increased porosity and permeability system (Meissner, 1978).  
 
Figure 2.9 Basic Rock Failure Theory (Secor, 1965). 
18 
 
Figure 2.10 Effect of Pore Fluid Pressure on Rock Failure Theory (Secor, 1965). 
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2.3.2 Hydraulic Fracture Orientation 
 Hydraulic fracturing plays a very important role in the success of Elm Coulee Field, 
and the mechanism of the rock failure by Mohr‘s Circle has been discussed in detail in the 
last part. But what is the relation between the vertical principle stress and horizontal principle 
stress and how do they affect the hydraulic fracture orientation? These two questions will be 
answered in this part.  
Figure 2.11 represents the principle stress state in the formation.    is the overburden 
stress,    is the minimum horizontal stress, and    is the maximum horizontal stress. The 
shape, vertical extent and direction of the hydraulic fracture are all dependent on the 
magnitude and orientation of the three principle stresses (Lake, 2006).    
 
Figure 2.11 Three Principle Stress in the Formation (Lake, 2006). 
Equation 2.2 represents the relationship between the minimum principle stress and 
overburden stress.  
     
 
   
(      )          ………………………………………………………2.2 
    =the minimum horizontal stress, psi (    is the horizontal stress shown in Figure 2.11) 
 =Poisson‘s ratio, dimensionless 
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  =overburden stress, psi 
 =Biot‘s constant 
  =reservoir fluid pressure or pore pressure, psi 
    =tectonic stress, psi 
Poisson‘s ratio, Biot‘s constant and pore pressure are essential in determining the 
minimum principle stress. Poisson‘s ratio is defined as the ratio of the proportional decrease 
in a lateral measurement to the proportional increase in length in a sample of material, and 
Table 2.2 is the typical range of the Poisson‘s ratio. The Biot‘s constant is typically 
considered as 1.0 (Lake, 2006).  Other research is evaluating this Biot‘s parameter (Franquet 
and Abass, 1999), but it will not be addressed in this thesis. 
Table 2.2 Typical Range of Poisson‘s ratio (Lake, 2006) 
 
The overburden stress is considered as the minimum stress in the shallow formation. 
Therefore, fractures will propagate in the horizontal direction (Figure 2.12). However in 
deeper formations, which are more than 1000 ft, the horizontal stress is smaller than the 
overburden stress, and the hydraulic fracture orientation will be in the vertical direction 
(Figure 2.13). For horizontal wells, the vertical fracture can also be divided into the 
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longitudinal orientation and transverse orientation according to the azimuth of the minimum 
and maximum horizontal stress in relation to the wellbore orientation (Figure 2.14). In this 
research, all the simulation models are based on the vertical hydraulic fractures. The 
longitudinal hydraulic fracture is along the wellbore, while the transverse fracture is 
perpendicular to the wellbore (Figure 2.14). Therefore, the hydraulic fracture orientation can 
be changed by controlling the wellbore trajectory and orientation.  In this research, both types 
of vertical hydraulic fractures are discussed under the primary production and miscible gas 
injection models.  
 
Figure 2.12 Horizontal Hydraulic Fracture Orientation (shallow reserves). 
 
Figure 2.13 Vertical Hydraulic Fracture Orientation. 
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Figure 2.14 Longitudinal Fracture and Transverse Fracture Orientation (Pitman et al., 2001). 
2.4 Miscible Gas Injection EOR in the Elm Coulee Field 
In the Bakken Formation, the primary recovery factors are still less than 10%, which 
means enhanced oil recovery (EOR) methods need to become the next big push in shale oil 
research. Miscible gas injection, such as CO2 injection, may become the most effective 
method in such lower permeability fields because of the extremely low injectivity of water 
flooding in unconventional plays. Even though EOR methods have not been put fully into 
practice yet, research and analyses have focused on the reservoir performance of CO2 
injection in Elm Coulee Field. Shoaib and Hoffman (2009) have built different scenarios of 
solvent models to optimize the best CO2 injection treatment. Results show that by using CO2 
injection method in Elm Coulee Field, the average recovery factor can be largely increased to 
about 20% for different scenarios (Shoaib and Hoffman, 2009). Hoffman (2012) has also 
published another paper which analyses the immiscible hydrocarbon flooding and miscible 
hydrocarbon flooding. And the results show that these EOR methods can increase the 
recovery factor to 13% and 21%, respectively. 
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Miscible gas injection remains one of the most effective EOR methods increasing the 
reservoir recovery factor in the U.S. The miscible gas injection mechanisms of the improved 
recovery factor can be divided into the following: oil displacement by the miscibility, oil 
swelling and oil viscosity reduction (Madhav, 2003). Complete miscibility can largely 
decrease or eliminate the interfacial tension between the hydrocarbon and the injected solvent. 
If the reservoir pressure is over the minimum miscibility pressure (MMP), the injected gas 
can be totally miscible with the hydrocarbon. There are two different types of miscible 
displacement processes: first-contact miscible (FCM) and multiple-contact miscible (MCM). 
CO2 displacement process is always treated as the multiple-contacts process. The condition 
of the miscibility occurs as the in-situ injected solvent components change due to the 
multiple-contacts and mass transfer between the reservoir hydrocarbon and solvent (Green 
and Willhite, 1998). In this research, the solvent model package in the Eclipse simulator is 
used to simulate the miscible process, and CO2 is considered as the injected solvent in the 
models. This displacement process doesn‘t happen on the first contact, the CO2 and crude oil 
transfers back and forth until the total miscibility forms between them, in other words, one 
phase flow forms between the CO2 and crude oil. The MCM is characterized as the 
vaporizing-gas displacements and condensing-gas displacements, and CO2 displacement is 
more like the first one. The intermediate components in the reservoir oil are vaporized into 
the CO2, which makes the injected solvent enriched in composition, and therefore the CO2 of 
the modified components will be miscible with the oil (Green and Willhite, 1998).  
Economic reasons have to be considered when applying the miscible gas injection EOR 
method. There are plenty of choices of the injected gas which can lead to the total miscibility, 
such as low-molecular-weight hydrocarbons, mixtures of hydrocarbons, CO2, nitrogen. 
However, CO2 is the most effective and reasonable choice due to the following reasons: 
fewer severe injectivity problems, lower formation volume factor, lower mobility ratio and 
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less prone to gravity segregation than N2 and CH4. Also, CO2 has the significantly lower 
MMP than other gas, such as natural gas and nitrogen, and lower viscosity and close density 
to the liquid at higher reservoir pressure (Shoaib, 2009). Another important reason is that 
there are many large reserves of CO2 sources in the U.S, such as North Dakota, Wyoming, 
Colorado, West Texas and New Mexico (Figure 2.15). The Elm Coulee Field could obtain 
continuous gas supply from North Dakota or Wyoming, which makes the CO2 injection EOR 
possible in this area.  
 





CHAPTER 3  
METHODOLOGY 
Prior to the introduction of computer simulators, mathematical solutions were used for 
predicting the future reservoir performance. Reservoir simulation simulators have gradually 
become the most widely used tool to analyze the fluid behavior underground and predict the 
future reservoir performance (Mattax and Dalton, 1990). The grid block is the basic unit for 
the reservoir modeling, and the difference equations, derived from Darcy‘s law and 
differential material balance for each phase, are solved by the simulation simulator to capture 
the fluid flow between the neighboring grid blocks (Peaceman, 1977). The initial and 
boundary conditions and reservoir properties are defined in a reservoir system, and the 
pressure and production rate for each phase are all calculated to evaluate the reservoir 
performance for each time step.  
In this research, the Eclipse Simulator from Schlumberger is used to simulate the 
primary production and miscible gas injection EOR for the Elm Coulee Field. The black oil 
simulator is chosen to construct the primary production models and miscible gas injection 
models. Todd and Longstaff empirical model is used for the Eclipse solvent model, which is 
an extension of the black oil model and can simulate the miscible gas injection process 
without building fully compositional models. Differential gridding methods are all used to 
construct the longitudinal hydraulic fracture and multi-transverse hydraulic fractures, and 
they are applied on both the primary production and miscible gas injection models (Eclipse, 
2013).  
3.1 Location and Grid Property for the Simulation Model 
The selected simulation sector of the Elm Coulee Field was modeled on simulation 
cases from Shoaib and Hoffman (2009). The area of their model is two miles by two miles, 
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and it is located in parts of the townships 22N-75E and 22N-58E (Figure 3.1). For the 
reservoir models in this research, a quarter of their previous model area is selected to analyze 
the longitudinal hydraulic fracture and transverse hydraulic fracture performance under the 
primary production recovery and the miscible gas flooding for three specific wells: Well 
2HR-MCCH, Well 3HR-MCCH and Well Injection (Figure 3.2).  
The reservoir model is divided into 53 grid blocks in the x-direction, 53 grid blocks in 
the y-direction and 8 grid blocks in the z-direction. Each grid in both the x and y directions is 
100 feet in length, and in the z-direction is 3 feet thick. There are 8 layers in the z-direction, 
which results in a total pay zone of 24 feet. The first layer of the model is located at a 
subsurface depth of 7500 feet. There are only two intervals of the three distinct intervals in 
this selected section; the upper shale and the middle dolomite. Therefore, the top three grid 
layers are defined as the shale zone, and the next five grid layers are the middle zone. 
 
Figure 3.1: Map of Elm Coulee Field with Sector Selected for Modeling (Montana Board of 
Oil and Gas, 2008). 
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Figure 3.2 Sectors of Shoaib and Hoffman‘s Simulation Model and This Research Model. 
 
Figure 3.3 History Match for Well 31X-1 Halvorsen (Shoaib, 2009). 
All the six wells (Figure 3.2) in Shoaib‘s model have been simulated and historical 
matched with the actual production data before making a production prediction for the Elm 
Coulee Field. The simulated oil production rate for each well is close to the real production 







rate from 2004 to 2008. Figure 3.3 shows the simulation result with the real production data 
for one of the wells and it is a very good history match.   
3.1.1 Uniform Gridding Hydraulic Fracture Modeling 
 In the uniform gridding hydraulic fracture models, stimulated reservoir volume (SRV) 
is used to represent the area of the created fracture network system due to the ultra-low 
permeability in the Elm Coulee Field.  SRV represents a 3-D volume of the induced fracture 
system (Mayerhofer et al., 2010). In the conventional reservoirs, the critical driver for the 
hydraulic fracturing is related to the single-plane-fracture half-length and fracture 
conductivity. However, in shale plays, there are induced complex fracture systems with 
multiple planes, and SRV is necessary to evaluate the stimulation performance (Mayerhofer 
et al., 2010). The induced hydraulic fracture system with increased permeability can be 
treated as the main path for the reservoir fluid flow.  
The hydraulic fractures only happen in the middle dolomite member, from the 4
th
 
layer to the 8
th
 layer, because the upper Bakken shale, from the 1
st
 layer to the 3
rd
 layer, is 
more ductile and less likely to be fractured. The red in Figures 3.4 and 3.5 represents a zone 
of the increased permeability of 100 md. Figure 3.4 represents the SRV for the longitudinal 
fracture, which is along the wellbore. And Figure 3.5 represents the SRV for the transverse 
fracture, which is perpendicular to the wellbore. In the transverse fracture case, the total 
length of the fractures for Well Injection is twice of that for the other two wells, the Well 
2HR-MCCH and Well 3HR-MCCH. Because in the injector, the continued injected CO2 will 
move along the induced transverse fractures, and longer hydraulic fracture can better simulate 
the gas flow and breakthrough procedure. In the longitudinal fracture, since the injected CO2 
will mostly move upwards and downwards at the early time around the injector, the total 
length of the created fracture is the same for all three wells. 
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Figure 3.4 Longitudinal Fracture Modeling. 
 
Figure 3.5 Multi-Transverse Fractures Modeling. 
3.1.2 Local Grid Refinement Hydraulic Fracture Modeling 
Even though the SRV is used in the uniform gridding models, the induced fracture is 
limited to the block size and still too coarse to capture the fluid flow within the SRV. 












dimensions of the hydraulic fracture, is used to increase the accuracy of the model and study 
the impact of the reservoir heterogeneity on the fractured well performance (Abdelmoneim et 
al., 2012).  
In Eclipse simulator, the LGR option is used to enhance the grid definition, and the 
properties of each refined grid can be the same as the global grid or be redefined according to 
each reservoir. The transmissibility between the global grid and refined grid can be calculated 
automatically by Eclipse (Eclipse, 2013).  In LGR models, the global grid which contains 
hydraulic fractures is divided into 6 different widths according to a logarithmically 
distribution. The ratio of the global grid where the small hydraulic fracture is located is 
100:10:1:1:10:100 for both types of the hydraulic fracture (Figure 3.6). Therefore, the 
hydraulic fracture width can be calculated by the ratio and the global grid size, and is about 
5.4 inches for both the transverse fracture and longitudinal fracture. Even though 5.4inches is 
still larger than the actual fracture width, it is much better than the uniform gridding method 
and much closer to the real induced fracture.  
Table 3.1 shows the specific transverse hydraulic fracture properties and Table 3.2 
shows the specific longitudinal hydraulic fracture properties. Each longitudinal fracture is 
along the path of the horizontal wells, and the fracture length is equal to the well length. The 





 layer, similar to the uniform gridding models. However, the real fracture width is 
about 0.1 inch, which is much smaller than 5.41 inch. Nobakht et al. (2011) showed that 
reasonable modeling results can be obtained with fracture gridblocks of 2 feet or less, if the 
gridblock permeability is rescaled. If the actual permeability in the fractures is around 5 D, 
then gridblock permeability in this model should be approximately 100 md. In this research, a 
5.4 inch fracture width with 100 md permeability is used in all research models.  
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(a) Transverse Fracture 
(b) 5.4 Inches Transverse 
Fracture (Zoom In) 
  
(c) Longitudinal Hydraulic 
Fracture 
(d) 5.4 Inches Longitudinal 
Hydraulic Fracture (Zoom In) 
 
Figure 3.6 Small Hydraulic Fractures for Both Transverse Fracture and Longitudinal Fracture. 
 





Gridding Method Uniform LGR Uniform LGR 
Fracture Stages 11 
Fracture Half Length, ft 150 150 350 350 
Height, ft 15 
Permeability, md 100 
Fracture Width 100 ft SRV 
5.4 
inch 















Gridding Method Uniform LGR Uniform LGR 
Fracture Stages 3 
Fracture Half Length, ft 1500 
Height, ft 15 
Permeability, md 100 
Fracture Width, inch  100 ft SRV 
5.4 
inch 





1200 1300 1200 1300 
3.2 Rock Property 
The system permeability for the upper shale layer, which includes the natural fracture 
and the matrix permeability, is equal to 2.5 md (Shoaib and Hoffman, 2009). Table 3.3 shows 
the specific rock property in the upper shale. The information for the reservoir permeability 
for the upper shale is limited and the value used in the simulation model from Shoaib and 
Hoffman (2009) is very high. Therefore, several different upper Bakken shale permeability 
cases are chosen to measure the impact on the reservoir performance of the Elm Coulee Field 
in Chapter 5. The average porosity for the upper Bakken shale is 7.5% (Shoaib and Hoffman, 
2009). 





Average Perm, md 2.5 
Kurtoglu and Kazemi 
(2012) 
Average Poro, % 7.5 
Shoaib and Hoffman 
(2009) 
 
Table 3.4 shows the specific values of the rock property in the middle member based 
on the two available cores from the Elm Coulee Field (Pramudito, 2008). The permeability 
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for the middle member is between 0.01 md and 0.025 md, and 0.015 md is finally chosen in 
the simulation model. The porosity is between 4% and 7.5%. By referring both the paper 
from Shoaib and Hoffman (2009) and Pramudito (2008), 7.5% is finally chosen as the 
porosity value in the simulation model.  
Since the model is uniform, the permeability in both the x and y directions is equal. 
For both types of layers, 0.01 is used as the ratio for vertical to horizontal permeability. 
Table 3.4 Middle Member Rock Property 
 
Middle Member Core 
Reference 
Values in the 
















3.3 Well Location 
 The specific information for the wells are all defined in the schedule section in 
Eclipse. There are three horizontal wells in each model and each well is stimulated by either 
transverse fracture or longitudinal fracture. In primary production models, all three wells are 
producers, but in the miscible gas injection models, well 2HR-MCCHESY and well 3 HR-
MCCHESY are producers, and the well Injection is the injector. All three wells in both types 
of models are characterized by the same locations, completion properties and well constraint. 
Table 3.5 shows the specific well information for each model.  
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Table 3.5 Specific Information of Each Well 
 Primary Production Miscible Gas Injection Model 
Well Name 2HR-MCC 3HR-MCC Injection 2HR-MCC 3HR-MCC Injection 














3.4 Reservoir Fluid Models 
 The solvent model is extended from the black oil model. Therefore, the reservoir fluid 
properties should consider the impact of the solvent phase. In this part, the relative 
permeability, oil viscosity and oil formation volume factor will be introduced for the black oil 
model and the solvent model, respectively.  
3.4.1 Black Oil Model 
 There is a three-phase flow in the model, and the relative permeability of oil-water 
and oil-gas as a function of water saturation is shown separately in Figures 3.7 a and 3.7 b. 
The initial water saturation is 0.25; in other words, the initial oil saturation is at 0.75 (Shoaib 
and Hoffman, 2009). The relationship between the oil formation volume factor and pressure 
is shown in Figure 3.8 a as well as the relationship between the oil viscosity and pressure. 
Figure 3.8 b shows the gas formation volume factor and gas viscosity as a function of 
pressure (Shoaib and Hoffman, 2009).  
 The initial reservoir pressure is at 5266 psi with an initial gas oil ratio of 0.5 Mscf/stb, 
and the bubble point pressure is at 2800 psi (Shoaib and Hoffman, 2009 & Kurtoglu and 









Figure 3.8 Formation Volume Factor and Viscosity as a Function of Pressure (Shoaib and 
Hoffman, 2009). 
Table 3.6 Oil, Gas and Water Gravity 
Phases Gravity Reference 
Oil 42 Pramudito (2008) 
Water 1.05 Shoaib and Hoffman (2009) 
Gas 0.95 Shoaib and Hoffman (2009) 
 
3.4.2 Solvent Model 
 The solvent model, which consists of four components, water, oil, solvent and 
reservoir gas, is an extension of the standard three-phase and three-component black oil 
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model in Eclipse according to the mixing rules suggested by Todd and Longstaff. The 
minimum miscibility pressure (MMP) plays a very important role in controlling the degree of 
the miscibility. If the pressure is over MMP, one phase forms between the injected solvent 
and hydrocarbon, which leads to the miscible gas flooding. However, if the pressure is below 
the MMP, a transition zone forms. Only the miscibility is discussed in this section, the 
properties of the immiscibility and transition zones can be referred to Eclipse Simulator 
Manual (2013).  
When the reservoir pressure is above both the MMP and bubble point pressure, and 
two phases, water and hydrocarbon form. In the Elm Coulee Field, MMP is always higher 
than the reservoir pressure, and therefore only the first condition exists during the miscible 
gas injection procedure.  
 In this type, the hydrocarbon phase is dissolved with both the solvent and reservoir 
gas. Equations 3.1, 3.2 and 3.3 show the relative permeability for both oil (Kroil) and solvent 
(Krsol).  
                ………………………………………………………………………….3.1 
       
    
  
        ………………………………………………………………………...3.2 
       
        
  
        …………………………………………………………….............3.3 
        is the relative permeability of hydrocarbon to water and is a function of oil 
saturation with dissolved reservoir gas and solvent.  
In the solvent model, the oil viscosity will be affected from the existence of the 
solvent component. In this research, there are three different components since the reservoir 
pressure is always higher than the MMP and bubble point pressure.  
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For a three-phase flow with three components, Equations 3.4 and 3.5 are used to 
calculate the effective viscosity.  
                    
                  
 …………………………………………………..3.4 
                    
                  
 ..………………………………………………3.5 
  is Todd and Longstaff mixing parameter. In Todd-Longstaff model, this empirical 
parameter   is used as the value to control the degree of the fluid mixing within each grid. If 
  is equal to 1, the injected solvent component and the hydrocarbon are fully mixed in each 
cell. If   is equal to 0, a very thin zone forms between the gas and hydrocarbon, and the case 
models the immiscible flooding .However, an intermediate value of   indicates an 
incomplete miscibility between the injected solvent and hydrocarbon; in other words, it 
represents a transition zone between miscible and immiscible displacement (Eclipse, 2013).. 
The  in the Elm Coulee Field model is set as 0.5, and therefore the fingering phenomenon is 
simulated in this displacement process.    represents the viscosity of the fully miscible 
between the corresponding components in a grid, such as oil and solvent, solvent and gas. 
Suggested by Todd and Longstaff, this parameter is calculated according to a quarter power 
mixing rule (Eclipse, 2013). Equation 3.6 shows an example to calculate     between the oil 
and solvent components.  
                        




x represents the fraction of the solvent or oil. 
n is equal to -0.25 (Jarrell, 2002).  
 The effective viscosity for different components is then used to calculate the 
effective saturation for each component automatically in the Eclipse Simulator. 0.123628 
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lb/ft3 is set as the surface density of CO2, and the solvent FVF and viscosity as a function of 
reservoir pressure are shown as Figure 3.9. 
 
Figure 3.9 Solvent FVF and Viscosity as a Function of Reservoir Pressure (Stalkup, 1984). 
3.5 MMP for the Elm Coulee Field 
In the Elm Coulee Field model, the MMP is 3100 psi measured from a slim tube test, 
which is the basic experimental method to measure MMP (Shoaib, 2009).  
The uniform sand is implemented in a slim tube with a 0.25-inch-outer-diameter. 
Then the tube is saturated with oil, and CO2 is injected into the tube at a certain temperature 
to simulate the gas injection procedure. The chosen temperature is the same as the initial 
reservoir temperature. Different pressure is conducted to achieve the MMP (Shoaib, 2009). 
Figure 3.10 shows the recovery factor for each chosen pressure based on a Montana sample. 
The MMP tested from the slim tube is defined as the pressure at which the RF is over 90% 
after 1.2 pore volume (PV) has been injected (Mattax and Dalton, 1990). According to this 
definition, the MMP for the Elm Coulee Field should be at 3100 psi.  
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Figure 3.10 Slim-tube Test Result for the Montana Sample (Shoaib and Hoffman, 2009). 
3.6 Summary of Research Design 
Figure 3.11 shows the outline of this research design. Firstly, primary production 
models are built for both the longitudinal hydraulic fracture and transverse hydraulic fracture 
based on the uniform gridding and LGR gridding. Oil production rate, oil production 
cumulative and breakthrough time will be compared separately between the two types of 
hydraulic fractures. Then, the miscible gas flooding model will be created based on the 
primary production models by adding the solvent keywords in the Eclipse Simulator. 
Recovery factor, breakthrough time and oil production cumulative will be compared. 
Injection effectiveness, which means how much miscible gas is needed to produce one barrel 
of oil on the surface, is also compared to find the most effective hydraulic fracture orientation 
in Elm Coulee Field. Furthermore, recovery factors for primary production models and 
secondary production models are compared to show the effectiveness of the miscible gas 
injection methods in Elm Coulee Field.  
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The other series of models are based on the LGR method and LGR can be used to 
create small hydraulic fractures width which is discussed in Section 3.4. Both the longitudinal 
hydraulic fracture and transverse fracture models are built for the primary production and 
each is compared to the oil production. Then the miscible gas injection model is applied 
based on the primary production models. Finally, three sensitivity analyses are made based 
on the solvent model by the LGR gridding method. 
 
Figure 3.11 Overview of Research Design. 
The sensitivity of the system permeability from upper Bakken shale member is 
referred by five different system permeability values based on the miscible gas injection 
models (Figure 3.12). The sensitivity of the matrix permeability from Middle Bakken 
member is referred by three different matrix permeability values based on the miscible gas 
injection models (Figure 3.13). In hydraulic fracture permeability sensitivity analysis, there 
are five different miscible gas injection models for each hydraulic fracture orientation (Figure 
3.14). In BHP sensitivity analysis, three different BHP for the production well are chosen for 




















































Figure 3.13 Cases for System Permeability Sensitivity for Middle Bakken Member. 
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 CHAPTER 4 
UNIFROM GRIDDING AND LGR GRIDDING RESULT AND 
ANALYSIS 
 The Uniform gridding models and LGR gridding models for the two types of 
hydraulic fractures in primary production are run firstly, and the recovery factor and oil 
production rates are compared to see the difference between these two gridding methods. 
Then the black oil models are all extended to the solvent models according to the Todd and 
Longstaff rules in the Eclipse. CO2 is chosen as the injected gas, and the solvent model is 
always treated as fully miscible displacement. In primary production models, all three wells 
are producers. While in the solvent model, the well in the middle is switched to an injector. 
Each well is running from January 2005 to January 2028. Results between the primary 
production and the secondary production will be discussed. Finally, all eight models will be 
compared and the results will be summarized.  
4.1 Uniform Gridding Modeling Result 
  
a. 2D-View of the Transvese Fracture b. 3D-View of the Transverse Fracture 
 
Figure 4.1 2-D View and 3-D View of the Transverse Fracture. 
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 Figures 4.1 and 4.2 show the 2-D view and 3-D view of both the longitudinal 
hydraulic fracture and the transverse hydraulic fracture. In primary production models, all 
three wells are under bottom hole pressure (BHP) control; in other words, BHP remains 
constant all the time, and the production rate is decreasing according to Darcy‘s Law and the 
material balance equation. In the solvent injection models, the Well Injection is switched to 
an injector, and the control mode changes to the rate control. The rate control means the 
injection rate stays the same, but the BHP drops at each time step.  
  
a. 2D-View of the Longitudinal Fracture b. 3D-View of the Longitudinal Fracture 
 
Figure 4.2 2-D View and 3-D View of the Longitudinal Fracture. 
4.1.1 Primary Production Result 
 All three producers are in the BHP control mode and the BHP always stays at 3500 
psi (Figure 4.3). Figure 4.4 shows that the longitudinal hydraulic fracture and transverse 
fracture result in almost the same reservoir performance, and the oil production rate drops 
very fast to less than 200 barrels for both types of the hydraulic fractures in one year. Also, 
much gas that has dissolved in the oil is produced from each well.  
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Transverse Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028)= 4 105 STB 
Total gas recovered (2028)= 2 105 MSCF 
RF=4 105STB/4.84 106STB= 8.26% 
Longitudinal Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028)= 3.98 105 STB 
Total gas recovered (2028)= 1.99 105 MSCF 
RF=3.98 105STB/4.84 106STB= 8.22% 
 




Figure 4.4 Oil Production Rate and Cumulative Oil Production for Primary Production.  
 
Figure 4.5 Gas Production Rate and Cumulative Gas Production for Primary Production.  
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4.1.2 Miscible Gas Injection Result 
 In the miscible gas injection models, the Well Injection is changed to an injector and 
is in the rate control mode. The constant injection rate is set at 6000 MSCF/day, but the BHP 
limit is set at 6100 psi. The two producers, 2HR-MCCH and 3HR-MCCH, are still in the 
BHP control mode, and the constant pressure still remains at 3500 psi.  
 Figure 4.6 shows that there is a ―hump‖ in the oil production rate in both types of 
hydraulic fractures. The highest oil production rate for the transverse fracture is about 2100 
BBL/day and it happens in less than 200 days. The highest oil production rate for the 
longitudinal fracture is about 1900 BBL/day and it happens in less than 250 days. The 
cumulative oil production for the transverse fracture is about 40,000 BBL higher than the 
longitudinal fracture at 2028
th
 year.  
 
Figure 4.6 Oil Production Rate and Cumulative Oil Production for Solvent Models. 
Figure 4.7 is used to find the exact breakthrough time for the two types of hydraulic 
fractures. If the solvent is producing from the two producers at a specific time, this time can 
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be treated as the breakthrough time. According to this rule, Figure 4.7 b shows that the 
transverse fracture case breakthroughs at about 160 days, and the longitudinal fracture case 
breakthroughs at about 240 days. These two breakthrough time are consistent with the two 
highlighted times where the highest oil production rate occurs; in other words, for both types 
of hydraulic fractures, the oil production rate drops significantly after the breakthrough time.  
  
a. Total Solvent Production b. Total Solvent Production (Zoom In) 
 
Figure 4.7 Cumulative Solvent Production. 
Figure 4.9 shows that at the very beginning of the production, the control mode 
switches to constant BHP instead of constant injection rate. The reason of this change is that 
if the rate remains at 6000 MSCF/day, the BHP will be above the limit pressure, which is set 
as 6100 psi. Therefore, the control mode changes to the BHP control automatically in Eclipse. 
When the BHP pressure is equal or less than the limit, the control mode changes back to the 
constant rate control again, which stays at 6000 MSCF/day. The stable BHP for the injector 
settles at around 4700 psi and 4440 psi for the longitudinal and transverse cases, respectively.  
The utilization factor is defined as the ratio of the total solvent injected over the total oil 
produced. This parameter represents how much solvent is needed to produce one BBL of oil; 
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in other words, it represents the degree of the injection effectiveness. The utilization factors 
for the transverse fracture and longitudinal fracture are 28.02 MSCF/STB and 27.84 
MSCF/STB, respectively. Therefore, the miscible gas injection EOR method with the 
longitudinal fracture orientation is more effective than the one with the transverse fracture, 
but the difference is not very much. 
 Transverse Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028) = 1.82 106 STB 
Total gas recovered (2028)= 4.81 107 MSCF 
Total solvent injected (2028)= 5.1 107 MSCF 
RF=1.82 106 STB /4.84 106STB= 37% 
Utilization Factor=5.1 107 MSCF /1.82 106 STB =28.02 MSCF/STB 
Longitudinal Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028)= 1.76 106 STB 
Total gas recovered (2028)= 4.79 107 MSCF 
Total solvent injected (2028)= 4.9 107 MSCF 
RF=1.76 106 STB /4.84 106STB= 36% 




Figure 4.8 Gas Production Rate and Cumulative Gas Production for Solvent Models. 
 
Figure 4.9 Solvent Injection Rate and BHP for the Injector. 
51 
Figures 4.10 and 4.11 show the oil saturation mapping for both the transverse fracture 
and longitudinal fracture in 1 year, 5 years and 10 years for 4 different layers. It can be seen 
that more than half of the hydrocarbon has been produced from the upper Bakken shale layer 
after 15 years for the two types of hydraulic fractures, but for the Middle Dolomite layer, 
much less hydrocarbons has been produced.  
Figures 4.12 and 4.13 show the solvent saturation mapping for both types of fractures. 
Consistently with the oil saturation mapping, more solvent is in the top layers compared to 
the lower layers for both types of the hydraulic fractures, which results in a higher oil 
production from the top layer than the lower layers. The higher sweep efficiency in the upper 
Bakken shale is due to its higher system permeability and the gravity effects, and the lower 
sweep efficiency in the Middle Dolomite Member is due to its lower system permeability. 
The oil saturation in the 8
th
 layer is not changed much except within the grids adjacent to the 
injector. This is due to the lower vertical permeability in the lower five layers as compared to 
the higher permeability of the first three layers, and the fact that CO2 is much less dense than 
the oil, which makes the injected solvent flow upward instead of downward.  
The sweep area in the first layer is almost the same for the two types of hydraulic 
fractures, but for the layers in the Middle Dolomite, the sweep area in the transverse fracture 
is higher than that in the longitudinal fracture. By comparing the 8
th
 layer for both types of 
the hydraulic fractures, the sweep area for the transverse fracture is much higher than for the 
longitudinal fracture, which leads to a higher cumulative oil production in the transverse 
fracture case. Because the system permeability for the upper shale, used in the model, is very 
high, in Chapter 5 smaller permeability values are chosen to find out the impact of the upper 
shale permeability on the Elm Coulee Field reservoir performance.  
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Figure 4.10 Oil Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 
Layer 6 and Layer 10 for the Transverse Fracture. 
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Figure 4.11 Oil Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 
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Figure 4.12 Solvent Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 
Layer 6 and Layer 10 for the Transverse Fracture. 
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Figure 4.13 Solvent Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 




4.2 LGR Gridding Modeling Result 
 Figures 4.14 and 4.15 show the 3-D view of both the longitudinal hydraulic fracture 
and the transverse hydraulic fracture based on the LGR gridding method. The hydraulic 
fracture width is 5.4 inches for both types of the hydraulic fracture orientations. As in the 
uniform gridding models, all three wells are in the BHP control in primary production. In 
solvent injection models, the well Injection is switched to an injector, and the control mode 
changes to the rate control.  
  
a. 3D-View of the Transverse Fracture b. 3D-View , Zoom In 
 
Figure 4.14 3-D View of the LGR Transverse Fracture Case. 
  
a. 3D-View of the Longitudinal Fracture b. 3D-View , Zoom In 
 
Figure 4.15 3-D View of the LGR Longitudinal Fracture Case. 
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4.2.1 Primary Production Result 
Figure 4.16 shows that the transverse fracture case performs a little bit better than the 
longitudinal fracture, and the oil production rate drops very rapidly to less than 200 barrels 
for both types of hydraulic fracture orientation in about 400 days. The highest oil production 
rate is about 600 bbl/day for both types of the hydraulic fractures. The cumulative production 
of the gas, which is dissolved in the hydrocarbon, is similar for both the transverse fracture 
and the longitudinal fracture. And the difference between the uniform and LGR gridding 
models is small. The RF difference between the two gridding methods is within 0.1% for 
each hydraulic fracture orientation. 
The RF for both the two gridding methods is within 0.1% of each other.  
Transverse Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028)= 3.98 105 STB 
Total gas recovered (2028)= 1.96 105 MSCF 
RF=3.98 105 STB /4.84 106STB= 8.22% 
Longitudinal Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028)= 3.95 105 STB 
Total gas recovered (2028)= 1.94 105 MSCF 
RF=3.95 105 STB /4.84 106STB= 8.16% 
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Figure 4.16 Oil Production Rate and Cumulative Oil Production for Primary Production 
Models. 
 
Figure 4.17 Gas Production Rate and Cumulative Gas Production for Primary Production 
Models. 
4.2.2 Miscible Gas Injection Result 
In the miscible gas injection models, the well Injection is changed to an injector and is 
in the rate control mode. The constant rate is set at 6000 MSCF/day, but the BHP can‘t 
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exceed 6100 psi. The two producers, 2HR-MCCH and 3HR-MCCH, are still in the pressure 
control mode, and the constant pressure still remains at 3500 psi.  
Figure 4.18 shows that the injection rate is much lower than the set up rate of 6000 
MSCF/day, and it increases gradually, not staying at a constant value. However, the BHP 
always stays at 6100 psi, which is the fixed limit of the BHP. The switch from the rate control 
to the BHP control occurs because the fixed rate is too high. If the model runs at an injection 
rate of 6000 MSCF/day, the BHP will exceed the limit pressure. For the transverse fracture 
case, the injection rate ranges from 1200 MSCF/day to 3000 MSCF/day. For the longitudinal 
fracture case, the injection rate is between 700 MSCF/day to 2400 MSCF/day.  
 
Figure 4.18 Solvent Injection Rate and BHP for Injector. 
One difference between the uniform gridding and LGR gridding is the behavior of the 
gas injection. The gas rate from the LGR models gradually increased and always less than the 
set up injection rate, while the gas rates for the uniform model tends to reach the set up rate 
fast. In the LGR models, the high permeability cells are much smaller than that in the uniform 
gridding models, which results in a low injectivity.  
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Figure 4.19 Total Solvent Injection. 
 
Figure 4.20 Oil Production Rate and Cumulative Oil Production for Solvent Models. 
 Figure 4.20 shows that for the transverse fracture case, the oil production rate drops 
very quickly during the first 50 days, and then it remains stable at 350 STB/day during the 
200
th
 day to the 600
th
 day. Also the oil production rate has a small ―hump‖ during this time. 
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The highest production rate is at about 360 STB/day and occurs during the 300
th
 day and the 
400
th
 day. After that, it drops gradually and finally stabilizes at about 60 STB/day. For the 
longitudinal fracture case, the oil production rate drops very fast during the first 400 days and 
there is also a small ―hump‖ during the 400
th
 day to about the 1200
th
 day. The highest 
production rate is at about 340 MSCF/day and occurs during the 400
th
 day to the 900
th
 day. 
Figure 4.20 also shows that the cumulative oil production for the longitudinal fracture is 
higher than for the transverse fracture, and the difference is about 6 104 BBL.  
 As in the uniform gridding model, the specific breakthrough time can be found 
through the total solvent production curve as shown in Figure 4.21. The exact breakthrough 
time for the transverse fracture is about 320 days, which is between the highest oil production 
time ranges; in other words, the highest oil production rate occurs at 320 days. For the 
longitudinal fracture the breakthrough time is about 540 days, and the highest oil production 
rate also happens at this time. There is lots of gas produced from this field for both types of 
hydraulic fractures which can be used to recycle the injected solvent.  
 The utilization factor for the transverse fracture is about 15.44 MSCF/bbl, while for 
the longitudinal fracture it is about 11.76 MSCF/bbl.  Therefore, the model with the 
longitudinal fracture is more effective than that with the transverse fracture; in other words, 
less solvent is injected in order to produce one BBL of oil in the longitudinal fracture model.  
Transverse Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028)=1.36 106 STB 
Total gas recovered (2028)= 1.84 107 MSCF 
Total solvent injected (2028)= 2.1 107 MSCF 
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RF=1.36 106 /4.84 106STB= 28.1% 
Utilization Factor=2.1 107 MSCF /1.36 106 MSCF =15.44 MSCF/STB 
Longitudinal Fracture Result: 
Sector model oil-in-place = 4.84 106 STB 
Total oil recovered (2028)= 1.42 106 STB 
Total gas recovered (2028)= 1.4 107 MSCF 
Total solvent injected (2028)= 1.6 107 MSCF 
RF=1.42 106 STB /4.84 106STB= 29.33% 
Utilization Factor=1.6 107 MSCF /1.36 106 STB =11.76 MSCF/STB 
  
a. Total Solvent Production b. Total Solvent Production (Zoom In) 
 
Figure 4.21 Cumulative Solvent Production. 
Figures 4.23 and 4.24 show the oil saturation mapping for both the transverse fracture 
and longitudinal fracture in 1 year, 5 years and 10 years for 4 different layers. It can be seen 
that most of the hydrocarbon has been displaced by the injected solvent due to the higher 
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permeability in the upper shale, but the oil saturation mapping for the longitudinal fracture is 
lower than for the transverse fracture. From the 4
th
 layer to the 8
th
 layer, most of the 
hydrocarbon has not been swept by the injected solvent due to the low permeability in the 
middle layer and for both types of the hydraulic fractures, the oil saturation mapping is 
similar, which is very low.  
Since the transverse fracture is perpendicular to the wellbore and the longitudinal 
fracture is along the wellbore, the miscible gas injection for the longitudinal fracture is more 
like a piston displacement. However, the injected solvent for the transverse fracture moves 
fast along the hydraulic fractures, which is similar to the fingering effect. Figures 4.25 and 
4.26 show that the injected solvent with the longitudinal fracture displaces more area than 
with the transverse fracture. This similar fingering effect leads to the fact that more solvent is 
injected, but fewer hydrocarbons are produced by the transverse fracture. In sum, the miscible 
gas injection with the longitudinal fracture shows a more favorable option on the LGR 
gridding method.  
 
Figure 4.22 Gas Production Rate and Cumulative Gas Production for Solvent Models. 
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Figure 4.23 Oil Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 
Layer 6 and Layer 10 for the Transverse Fracture. 
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Figure 4.24 Oil Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 
Layer 6 and Layer 10 for the Longitudinal Fracture. 
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Figure 4.25 Solvent Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 
Layer 6 and Layer 10 for the Longitudinal Fracture. 
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Figure 4.26 Solvent Saturation Mapping after 1 Year, 5 Years, 10 Years for Layer 1, Layer 4, 




4.3 Comparison  






















































1.42 106 1.6 107 1.4 107 29.33 11.76 21.17 
 
 Table 4.1 is the summary of both the longitudinal and transverse fracture cases. By 
comparing the primary production models with the miscible gas injection models, Cases 1 
and 2 with Cases 3 and 4, Cases 5 and 6 with Cases 7 and 8, the solvent injection EOR 
method for both types of hydraulic fractures can largely increase the RF by an average of 
24 %. Also, the recovered gas which contains the injected solvent can be reused as the 
solvent injection. So the miscible gas injection EOR can be treated as a very effective method 
to improve reservoir performance for the Elm Coulee Field.  
69 
 By comparing the longitudinal fracture and the transverse fracture in both the uniform 
gridding model and the LGR gridding model, Case 1with Case 2, Case 3with Case 4, Case 5 
with Case 6 and Case 7 with Case 8, in primary production, these two types of hydraulic 
fractures perform the same. In miscible gas injection, the transverse fracture is better than the 
longitudinal fracture for the uniform gridding models. However, in the LGR gridding models, 
the longitudinal fracture is a better choice. In LGR gridding models, the ―Piston 
Displacement‖ in the longitudinal fracture leads to higher oil production, while the ―fingering 
effect‖ in the transverse fracture results in earlier breakthrough time and lower oil production. 
The injected solvent moves fast along the transverse fracture instead of dispersing to other 
grid blocks in the transverse facture case. In the uniform gridding, SRV is treated as the unit 
for the displacement, and the miscible gas injection for both types of hydraulic fractures is all 
more like ―piston displacement‖. Also, in each layer, since the transverse fracture is 
perpendicular to the wellbore, and the longitudinal fracture is along the wellbore, more area 
has been swept in each layer in the transverse fracture case. These two factors finally lead to 
a higher RF in the transverse fracture case in the uniform gridding models. The utilization 
factor shows that the miscible gas injection with the longitudinal fracture is more effective 
than with the transverse fracture; in other words, less solvent is injected into the longitudinal 
fracture case in order to produce one BBL of oil. However, the option between the two types 
of hydraulic fracture is a more complicated issue and should consider other objective factors, 
such as the price of the oil and CO2 and the implementation of the solvent injection system.  
 A comparison between  the uniform gridding model and the LGR gridding model, 
Case 1 with Case 5, Case 2 with Case 6, Case 3 with Case 7 and Case 4 with Case 8, shows 
that no difference between these two methods in the primary production. In miscible gas 
injection, the uniform gridding models produce more hydrocarbon than the LGR gridding 
models, but the utilization factor shows that LGR models are more effective. Figure 4.9 
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shows that the solvent injection rate for the uniform gridding model always keeps at the 
constant rate of 6000 MSCF/day. However, Figure 4.18 shows that for the LGR models, the 
injection rate increases gradually, and the highest injection rate for both types of hydraulic 
fractures is less than 3000 MSCF/day. Even though more hydrocarbons have been produced 
using the uniform gridding models rather than the LGR gridding model, less solvent is 
injected into the LGR gridding models. The LGR model can simulate the realistic fracture 
width, but the SRV can represent an induced fracture system. The combination of the SRV 
and the LGR can simulate a more accurate and complicate hydraulic fracture system for the 















 Using the uniform gridding and LGR gridding models in Chapter 4, more models are 
built to observe the impact of some critical parameters, such as permeability and BHP, on the 
Elm Coulee Field reservoir performance.  In the reservoir simulation model, the permeability 
value has a large range, and the sensitivity analysis for the hydraulic fracture and system 
permeability is necessary to predict and understand the reservoir performance. The upper 
Bakken shale permeability, the Middle Dolomite system permeability and the hydraulic 
fracture permeability sensitivity analyses all apply on the transverse fracture solvent model of 
the LGR gridding method, and the BHP sensitivity is measured on all eight simulation 
models included in Chapter 4. In the last part, the dual porosity and permeability model is 
built to compare with the single porosity and permeability model.  
5.1 Upper Bakken Shale System Permeability Sensitivity 












1 2.5 10-4 2.5 105 5.17 2.8 
2 2.5 10-3 2.8 105 5.79 2.85 
3 2.5 10-2 4 105 8.26 3 
4 2.5 10-1 9.2 105 19 5.43 
5 2.5 (Base Case) 1.36 106 28.1 15.44 
 
 Five different upper Bakken permeability values are chosen to evaluate its impact on 
the Elm Coulee Field reservoir performance. Table 5.1 is the summary of the result for the 
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five different cases. Case 5 is the basic simulation case from Chapter 4. Based on this case, 
four smaller permeability values, from 2.5 10-1 md to 2.5 10-4 md, are chosen to analyze its 
impact on the reservoir performances. As the permeability value decreasing from 2.5 md to 
2.5 10-4 md, the RF drops form 15.44% to 2.8%, which is a very big difference. Also, the 
utilization factor decreases from 15.44 MSCF/day to 2.8 MSCF/day; in other words, less 
solvent is injected to produce one BBL of oil in the lower upper Bakken shale permeability 
value. In such lower permeability formation, the injected solvent is difficult to be displaced to 
the grids which are far away from the injector, and less solvent is injected in the reservoir, 
which results in a low utilization factor.  
 
Figure 5.1 Field Total Oil Production for Different Upper Bakken Permeability Values. 
 Figure 5.1 shows that as the upper Bakken shale permeability drops from a low value 
to an even less value, the cumulative oil production drops slightly. For example, the 
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cumulative oil production difference between 2.5 md case and 0.25 md case is about 4.4 105 
bbl. However, the difference between 2.5 10-3 and 2.5 10-4 is less than 104 bbl. As the same 
as the cumulative oil production, the total solvent injection difference between the lower 
shale permeability is much less than in the higher shale permeability (Figure 5.2). Figure 5.3 
shows that the solvent saturation mapping in the top layer doesn‘t change much in lower 
shale permeability cases, but in the higher shale permeability cases, much more solvent has 
been injected, and lots of hydrocarbon has been produced.   
 In a word, the impact of the upper Bakken shale permeability on the Elm Coulee Field 
significantly decreases at lower permeability values.  
 
Figure 5.2 Field Total Solvent Injection for Different Upper Bakken Permeability Values. 
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Figure 5.3 Oil Saturation Mapping for 1
st





5.2 Middle Bakken System Permeability Sensitivity 





Cum. Oil Production, 
 BBL 
RF, % 
1 0.01 1.24 106 25.62 
2 0.015 (Base Case) 1.36 106 28.1 
3 0.02 1.42 106 29.33 
 
Three different Middle Dolomite permeability values are chosen to find out its impact 
on the reservoir performance. Table 5.2 shows that as the permeability increases from 0.01 
md to 0.02 md, the RF increases from 25.62% to 29.33%. Also, the cumulative oil production 
difference between case1 with case2 and case2 with case3 are 8 105 BBL and 4 105 BBL 
separately (Figure 5.4). Figures 5.5 shows that after 1 year, the solvent saturation mapping in 
each layer for the three different permeability values is almost the same. While after 5 years 
and 10 years as shown in Figure 5.6 and 5.7, more grids in each layer for the case with 0.02 
md permeability have been swept; in other words, more hydrocarbon have been produced in 
each layer in the higher Middle Bakken permeability case. In Figures 5.5, 5.6 and 5.7, the 
difference among the three cases in the 8th layer is always more obvious than in the 4th layer; 
in other words, more solvent is injected into the 8th layer for the case with higher Middle 
Dolomite permeability than other layers.  
The Middle Bakken Formation is where the hydraulic fracture is induced and the well 
is targeted. Each layer in the Middle Bakken plays a very important role in the oil production. 
Due to the gas density, gas will move upward instead of downward, which leads to a high 
sweep area in the top layers and low sweep area in the lower layers. However, more solvent 
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will also move downwards to the lower layers in the case with 0.02 md permeability due to 
the higher vertical permeability than the other two cases. Such higher formation permeability 
value will provide a more effective path for the solvent and fluid to flow from the formation 
to the fracture, which finally results in a higher RF for the Elm Coulee Field.  
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5.3 Hydraulic Fracture Permeability Sensitivity 





Cum. Oil Production, 
 BBL 
RF, % 
1 0.1 8.5 105 17.56 
2 10 1.08 106 22.31 
3 40 1.24 106 25.62 
4 100 (Base Case) 1.36 106 28.1 
5 500 1.44 106 29.75 
6 1000 1.45 106 29.96 
7 5000 1.458 106 30.12 
 
Eight different hydraulic fracture permeability values, from 0.1 md to 5000 md, are 
chosen to analyze its impact on the Elm Coulee Field reservoir performance. Table 5.3 is the 
summary of the result of the eight cases. It shows that as the hydraulic fracture permeability 
increases from 0.1 md to 5000 md, the RF increases form 17.56% to 30.12%.  However, 
Figure 5.8 indicates that the case with 100 md permeability is a boundary of the cumulative 
oil production. As the hydraulic fracture permeability increases from 0.1 md to 100 md, the 
RF has a big jump, from 17.56% to 28.1% which is more than 10%. However, as the 
hydraulic fracture permeability increases from 100 md to 5000 md, the RF only increases 
from 28.1% to 30.12% which is less than 2%. The degree of this big jump and small jump on 
the cumulative oil production is dependent on the dimensionless conductivity as the equation 
5.1 (Pearson, 2001).  
    
    
     
 …………………………………………………………….5.1 
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   is the hydraulic fracture permeability, md 
b is the hydraulic fracture width, ft 
   is the reservoir permeability, md 
   is the half length of the hydraulic fracture, ft 
 
Figure 5.8 Field Total Oil Production for Different Hydraulic Fracture Permeability Values. 
In a stimulated well, the dimensionless conductivity is a critical parameter which indicates 
the difference between the ability for the induced fracture to deliver fluids to the wellbore and 
the ability for the formation to transmit the flow from the formation to the hydraulic fracture. 
This parameter plays a very important role in the hydraulic fracture design. The CfD value of 
10 is the most widely used value in the industry, which maximizes the steady-state 
production (Pearson, 2001). Figure 5.9 shows that the CfD value for the case with 100 md 
hydraulic fracture permeability is equal to 10, which represents the boundary of the finite and 
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infinite fracture conductivity. If CfD is less than 10, the hydraulic fracture is treated as the 
finite conductivity, and the total oil production increases a lot as the hydraulic fracture 
permeability increases. If the CfD is equal or above 10, the hydraulic fracture acts as infinite, 
which leads to a small jump on the total oil production as the fracture permeability increases. 
Therefore, once the hydraulic fracture becomes the infinite conductivity, increasing the 
permeability is not important on the Elm Coulee Field reservoir performance. Recall from the 
Methodology Chapter that actual fracture widths are about 0.1 inch, and the real induced 
hydraulic fracture permeability is about 5 D instead of 100 md. Therefore in the real fracture 
case, 5 D permeability with a 0.1 inch width would be the boundary of the finite fracture and 
infinity fracture, but this is equivalent to 100 md permeability with 5.4 inch fracture ―width‖ 
in terms of CfD, so Figure 5.9 would remain the same.  
 

































Dimensionless Conductivity with Hydraulic Fracture Permeability 
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5.4 Bottom Hole Pressure Sensitivity 
Table 5.4 Summary of the Result for the Primary Production for Different BHP 
Primary Production 
 
Longitudinal Fracture Transverse Fracture 
BHP, psi 3500 4000 4700 3500 4000 4700 
FOPT,BBL 3.86 105 2.69 105 1.2 105 3.9 105 2.7 105 1.2 105 
RF,% 7.97 5.48 2.48 8.06 5.58 2.49 
 
Table 5.5 Summary of the Result for Miscible Gas Injection for Different BHP 
Miscible Gas Injection 
 
Longitudinal Fracture Transverse Fracture 
BHP, psi 3500 4000 4700 3500 4000 4700 
FOPT,BBL 1.42 106 1.24 106 9.6 105 1.36 106 1.2 106 9.58 105 
RF,% 29.34 25.62 19.83 28.1 24.79 19.79 
 
  Tables 5.4 and 5.5, and Figures 5.10 and 5.11 are the results of the primary 
production and miscible gas injection for different BHP. In Figures 5.10 and 5.11, the dotted 
line represents the transverse fracture, and the solid line represents the longitudinal fracture. 
Three different BHP values are chosen to evaluate its effect on the reservoir performance: 
3500 psi, 4000 psi and 4700 psi. Table 5.4 shows that in primary production models, the 
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transverse fracture case performs better than the longitudinal fracture, but the difference is 
less than 1%. Figure 5.10 shows that in primary production, the cumulative oil production is 
very similar for the two types of the hydraulic fractures for each BHP; in other words, both 
the transverse fracture and longitudinal fracture cases have the similar reservoir performance. 
But for each hydraulic fracture orientation, there is a big drop on the RF, more than 5%, from 
the case with 3500 psi to the case with 4700 psi. 
 
Figure 5.10 Field Total Oil Production for Different BHP for Primary Production. 
 Table 5.5 shows that in the miscible gas injection models, the longitudinal fracture 
always performs better than the transverse fracture. In each type of the hydraulic fracture, the 
RF drops a lot, more than 10%, from BHP of 3500 psi to 4700 psi. Figure 5.11 shows that in 
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higher BHP, the cumulative oil production difference between the two types of the hydraulic 
fractures is not very obvious, but in lower BHP, the degree of the difference increases, which 
is more than 4 105 BBL. 
In summary, the BHP has more impact on the miscible gas injection models rather 
than the primary production models. The RF can decrease more than 10% for miscible gas 
injection, and decrease only about 5% for the primary production models. In the primary 
production, the transverse fracture performs better than the longitudinal fracture. However, in 
miscible gas injection, the longitudinal fracture is a better choice than the transverse fracture 
due to the similar fingering effect and early breakthrough time in the transverse fracture case.  
 
Figure 5.11 Field Total Oil Production for Different BHP for Miscible Gas Injection. 
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5.5 Dual Porosity and Dual Permeability Model 
 All simulation models in this research use a single porosity and single permeability 
system, which combined both the matrix and natural fracture together. Equation 5.2 is used in 
calculating the total permeability in the single porosity and permeability model.  
          ……………………………………………………………………………5.2 
k: total permeability, md 
  : matrix permeability, md 
  : natural fracture permeability, md 
  : natural fracture porosity 








Matrix   % 5.5 5.6 Dual 
Natural Fracture 
  % 
0.2 0.24 Dual 
Total,   % 5.7 5.84 Single 
Matrix k, md   10   3  10   Dual 
Natural Fracture k, 
md 
12.5 6.2375 Dual 




Figure 5.12 Dual Porosity and Permeability System (Warren and Root, 1963). 
In Eclipse, the dual porosity and permeability system can also be used to approximate 
the fluid behavior in the reservoir. In order to evaluate the difference between these two 
systems, each modeling system is built for both the longitudinal and transverse fractures for 
miscible gas injection based on the data from Table 5.6. The dual model is created according 
to the rules from the Technical Description, Eclipse Manual (2013), and Figure 5.12 shows 
the idealization of the dual porosity and permeability reservoir system. The shape factor, , 
which represents the shape of the matrix surrounded by the natural fractures, controls the 
flow between the matrix and natural fracture (Figure 5.12). Equation 5.3 (Kazemi et al., 1976) 
is used to calculate the shape factor. 
  4   
 
   
 
 
   
 
 
   
 ……………………………………………………...……………5.3 
Lx, Ly and Lz are typical X, Y and Z dimensions of the matrix blocks. In this research, each 
dimension is 10 ft; therefore, the shape factor is 0.12 (Eclipse, 2013).  
 The hydraulic fracture permeability keeps at 100 md for both the longitudinal and 
transverse fracture.  
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Figure 5.13 Results for Single and Dual Model for Both Transverse Fracture 
 
Figure 5.14 Results for Single and Dual Model for Longitudinal Fracture.  
Figures 5.13 and 5.14 show the result for single and dual model for the transverse fracture 
and longitudinal fracture, respectively. It can be seen that in transverse fracture, the total oil 
production difference between the dual and single model is about 8%. In longitudinal fracture, 
the total oil production difference between the dual and single model is about 4.5%. So in 
either transverse fracture or longitudinal fracture, there is not much difference between the 
single model and dual model.  
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
 Based on the results and analysis form Chapter 4 and Chapter 5, the following 
conclusions can be made and several recommendations are raised.  
6.1 Conclusions 
 LGR gridding method can approximate the real hydraulic fracture width, and the SRV 
can simulate a hydraulic fracture system. The combination of these two gridding methods 
in a reservoir simulation model can represent a more complicated and accurate reservoir 
fluid behavior among the formation, the hydraulic fracture system and the wellbore.  
 The miscible gas injection EOR method can increase the oil production and recovery 
factor for the Elm Coulee Field compared with the primary production. The average 
increase of the RF is about 24%, which is a significantly improvement for the reservoir 
performance.  
 In the primary production, the models with the transverse fracture orientation always 
perform better than the models with the longitudinal fracture for both the uniform 
gridding and LGR gridding methods.  
 In miscible gas injection, based on the cumulative recovery, the transverse fracture 
performs better than the longitudinal fracture in the uniform gridding models, but in the 
LGR gridding models, the longitudinal fracture is better. In the miscible gas injection for 
the transverse fracture, the similar fingering effect in the LGR gridding models is much 
more obvious than that in the uniform gridding models. For the longitudinal fracture case, 
the miscible gas injection is more like a ―Piston Displacement‖ for both the uniform 
gridding model and the LGR gridding model. The SRV is treated as the unit for the 
displacement in the uniform gridding models, and decreases the difference between the 
90 
transverse fracture and the longitudinal fracture displacement, which results in a better 
reservoir performance for the transverse fracture case.  
 The upper shale permeability has a significantly influence on the reservoir performance, 
especially at high permeability values. If the upper shale permeability decreases from 2.5 
md to 2.5 10-4 md, the RF drops from 28.1% to 5.17%. But when the upper Bakken 
permeability is in the micro-darcy  range, the RF and oil production rate will not increase 
very much. In other words, the impact of the upper Bakken shale permeability on the 
Elm Coulee Field decreases at lower permeability values. 
 The Middle Dolomite system permeability also affects the Elm Coulee Field reservoir 
performance. If the permeability is decreased from 0.02 md to 0.01 md, the RF drops 
from 29.33% to 25.62%.  
 100 md hydraulic facture permeability is the boundary of the finite hydraulic fracture and 
infinite hydraulic fracture for the Elm Coulee Field. If the hydraulic fracture permeability 
is less than 100 md, the RF and oil production rate will decrease significantly as the 
fracture permeability decreases. If the hydraulic fracture permeability is above 100 md, 
the degree of the increase on the RF and oil production rate is very slight.  
6.2 Recommendations for Future Work 
 Conformance may be a problem for transverse fractures. It is recommended to study ways 
to reduce this problem in some hydraulic fractured wells which have an early 
breakthrough time. The conformance control, which includes setting a bridge plug to 
isolate a well or to change the channeling and induced hydraulic fractures near the 
wellbore or increasing the viscosity of the injected fluids with foams, for example, can 
push the hydrocarbon out into the rock matrix more and improve the displacement 
efficiency.  
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 The longitudinal hydraulic fracture orientation may be a better and reasonable choice for 
the miscible gas injection on the Elm Coulee Field, since less gas is injected and it has 
similar RF to the transverse fracture. 
 The application of both the LGR gridding method and SRV is a better way to simulate the 
hydraulic fracture system and predict the reservoir performance for the Elm Coulee Field.  
 A heterogeneous model, which has the different reservoir properties in x-direction and y-
direction, can be used instead of the uniform reservoir property model. This may lead to 
more accurate results. 
 Different CO2 injection scenarios, such as the vertical injection wells, more horizontal 
injection wells, could be created and compared to optimize the best injection pattern for 
the Elm Coulee Field. 
 The economic analysis project can be combined with the result from the reservoir 
simulation model to optimize the best hydraulic fracture orientation for the Elm Coulee 
Field.  
 Due to the lack of the real injection data, there is no history match in the gas injection 
simulation models. Once real injection data is available, the history match should be 
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APPENDIX LONGITUDINAL FRACTURE UNIFORM GRIDDING 
MODELING CODE FOR MISCIBLE GAS INJECTION 
--*********************NEW RUNSPEC SECTION********************** 
RUNSPEC 
TITLE 
Black Oil Elm Coulee: 
  
DIMENS 












1   20  'NONE'  / 
  
TABDIMS 
    1    1   20   20    1    1 / 
  
WELLDIMS 

































1 53 1 53  1  1 / 
 











--shale perm  
BOX 

















--dol perm  
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--Adding fracture permeability 
--2HRMcChesney 
BOX 
11  43  14  14  4  8  / 
PERMX 







--Adding fracture permeability 
--3HRMcChesney 
BOX 
11  43  40  40  4  8  / 
PERMX 










11 43 27 27 4 8 / 
PERMX 












--Sw      krw           Pc 
0.250   0.00000 0.000 
0.300   0.00000 0.000 
0.400   9.7546E-04 0.000 
0.500   0.01561 0.000 
0.600   0.07901 0.000 
0.700   0.24972 0.000 





--Sg      krg           Pc 
0.000   0.0000 0.000 
0.050   0.0000 0.000 
0.100   6.8587E-04 0.000 
0.200   0.01852 0.000 
0.300   0.08573 0.000 
0.400   0.23525 0.000 
0.500   0.50000 0.000 
/ 
SOF2 
--So      kro 
0.250   0.00000 
0.300   0.00110 
0.400   0.02963 
0.500   0.13717 
99 
0.600   0.37641 
0.700   0.80000 
0.750   1.00000 
/ 
SOF3 
--So      krow          krog   
0.250   0.00000 0.0000 
0.300   0.00110 0.0000 
0.400   0.02963 0.0000 
0.500   0.13717 0.0000 
0.600   0.37641 0.0064 
0.700   0.80000 0.0512 






--Sw    misSor 
0.00    0.00 
0.50    0.05 




--     krg*    krs* 
0      0.0     0.0 





--solfrac  misc 
0.0        0.0 
0.1        1.0  





--oilphpress   misc 
1000        0.0 
2000        0.0 
2500        0.0 
100 
3100        1.0 
3500        1.0 
4000        1.0 
4500        1.0 
5000        1.0 
5500        1.0 
6000        1.0 
7000        1.0 
8000        1.0 





-- refpr  bwi     cw          uw 




6614.7  43.0D-6  / 
  
GRAVITY 




0.123628    / 
 
TLMIXPAR 
0.5     / 
 
PVDG 
--pr(psia)   Bg(rb/Mscf)     vis(cP) 
114.700      30.7655         0.01347   
144.318      24.3736         0.01358   
181.584      19.2940         0.01373       
228.473      15.2574         0.01392   
287.470      12.0501         0.01416   
361.701      9.50220         0.01448   
455.100      7.47874         0.01490   
572.617      5.87274         0.01545   
720.479      4.59950         0.01620   
906.523      3.59220         0.01722   
1140.61      2.79855         0.01863  
101 
1435.14      2.17817         0.02062   
1805.72      1.70025         0.02346   
2272.00      1.34079         0.02747   
2858.68      1.07863         0.03292  
3596.85      0.89250         0.03994   
4525.63      0.76178         0.04840   
5694.25      0.66914         0.05804  
7164.63      0.60169         0.06862   
9014.70      0.55068         0.08004   








--pr(psia)    Bg(rb/Mscf)    vis(cP) 
15.025       235.5348      0.010 
150.00        23.1161      0.013 
500.00         6.6489      0.018 
1500.0         1.9065      0.023 
2000.0         1.3137      0.025 
2500.0         1.0009      0.030 
2800.0         0.8617      0.033 
3000.0         0.7983      0.035 
3200.0         0.7429      0.036 
3500.0         0.6741      0.040 
3800.0         0.6256       0.042 
4000.0         0.5988      0.045 
4500.0         0.5561      0.048 
4815.0         0.5308      0.049 
5000.0         0.5148      0.051 
5200.0          0.5053       0.053 
5500.0         0.4907      0.055 
6000.0         0.4707      0.060 
6500.0         0.4455      0.064 
7000.0         0.4290      0.067 
7500.0         0.4147      0.072 
8000.0         0.4111      0.075 
8500.0         0.4079      0.078 





--Rs    RefPr Bo    vis 
0.01921    114.700 1.10712    0.70487   / 
0.13625    583.121 1.16754    0.51695   / 
0.27724    1051.54 1.24421    0.41755   / 
0.43215    1519.96 1.33233    0.35640   / 
0.59731    1988.38 1.42998    0.31440   / 
0.62731    2037.8 1.43700    0.30840   / 
0.71460    2307.43 1.50130    0.29241   / 
0.77070    2500.00 1.53595    0.28344 
    2800.00 1.52960    0.28376 
    3000.00 1.52560    0.28390 
    3200.00 1.52160    0.28404 
    3500.00 1.51560    0.28425 
    3800.00 1.50960    0.28446 
    4000.00 1.50560    0.28460 
    4500.00 1.49560    0.28495 
    4815.00 1.48930    0.28517  
           5000.00      1.48560    0.28530 
           5200.00      1.48160    0.28544 
           5500.00      1.47560    0.28565 
           6000.00      1.46560    0.28600 
           6500.00      1.45560    0.28635 
           7000.00      1.44560    0.28670 
           7500.00      1.43560    0.28705 
           8000.00      1.42560    0.28740 
           8500.00      1.41560    0.28775 






-- 1    2  3    4  5    6      7      8       9    
 7300  5200  7600  0.0  5000  0.0  1 / 
 
RSVD 
8500   0.500 










-- Variables to output are greatly flexible.  
-- Summary variables influence little on simulation.  





























































0.1 30.4  / 
/ 






'2HR-MCCHESY' 'G'   11   14   -1 'OIL'  / 
'3HR-MCCHESY' 'G'   11   40   -1 'OIL'  / 




-- 1    2 3 4    5      6  7  8     9   
'2HR-MCCHESY'   11   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   12   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   13   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   14   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   15   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   16   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   17   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   18   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
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'2HR-MCCHESY'   19   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   20   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   21   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   22   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   23   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   24   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   25   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   26   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   27   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   28   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   29   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   30   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   31   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   32   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   33   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   34   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   35   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   36   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   37   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   38   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   39   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   40   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   41   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   42   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'2HR-MCCHESY'   43   14   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
 
COMPDAT 
-- 1    2 3 4    5      6  7  8     9   
'Injection' 11   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 12   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 13   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 14   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 15   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 16   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 17   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 18   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 19   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 20   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 21   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 22   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 23   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 24   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 25   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 26   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
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'Injection' 27   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 28   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 29   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 30   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 31   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 32   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 33   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 34   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 35   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 36   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 37   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 38   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 39   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 40   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 41   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'Injection' 42   27   6  6 'OPEN' 1* 1*  0.729  1*  0  / 





-- 1    2 3 4    5      6  7  8     9   
'3HR-MCCHESY'   11   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   12   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   13   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   14   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   15   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   16   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   17   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   18   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   19   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   20   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   21   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   22   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   23   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   24   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   25   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   26   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   27   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   28   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   29   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   30   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   31   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   32   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
107 
'3HR-MCCHESY'   33   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   34   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   35   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   36   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   37   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   38   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   39   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   40   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   41   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 
'3HR-MCCHESY'   42   40   6  6 'OPEN' 1* 1*  0.729  1*  0  / 




-- 1      2      3  4  [5  6  7   8]   9 
'2HR-MCCHESY'      'OPEN' 'BHP'  5*  3500.00  / 
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